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Abstract 
Poor size response and size reversion have been major concerns with the use of an 
alkyl ketene dimer (AKD) sizing system. Poor retention of calcium carbonate fillers and 
fiber fines are believed to be the cause of poor size response. A number of materials, 
including carbonate fillers, promoters and retention aids are believed to contribute to size 
reversion. 
The focus of this study was to determine the effectiveness of retention aids in 
obtaining good size response. Size permanence was also studied The performance of 
the retention aides were studied by preparing handsheets at five different zeta potentials. 
It was determined that when no retention aid was added to the system, size 
response was not dependent on zeta potential. It was dependent on the amount of 
polyethyleneimine (PEI) present in the system. Low sizing levels in the absence of PEI 
indicate poor retention of the size molecules. 
When cationic polymers were added to the stock, sizing levels showed a dramatic 
increase. This increase was do to superior retention of the fiber fines. As zeta potential 
was increased to highly cationic, size levels dropped due to poor retention of the sizing 
chemical. Cationic polymer was not observed to contribute to size reversion. 
Size response with the addition of an anionic polymer was highly dependent on 
the presence of a cationic fixative. When no PEI was present in the stock, the anionic 
polymer was ineffective. Small amounts of PEI provided cationic sites for the anionic 
polymer to bridge the fibers. Contrary to previous literature studies, the anionic polymer 
did not contribute to size reversion. 
When PEI was added to the system, large increases in sizing levels were 
observed PEI promotes excellent retention of the fiber fines. Good fines retention will 
increase sizing levels. Not only did PEI promote the reaction between AKD and 
cellulose, no size reversion was observed when it was used 
Introduction/Literature Analysis 
Alkaline papermaking has seen a surge in popularity over the past decade. In 
1991, 26% of printing and writing papers were produced by alkaline processes (1). By 
1995, that percentage had increased to ·65% and is expected to increase to 9()0/o by the 
end of the century (2). Alkaline produced paper has advantages over acid systems that 
include: improved sheet strength, substitution of calcium caroonatc for titanium dioxide 
and improved paper stability on aging. Calcium caroonate fillers arc much more 
inexpensive than titanium dioxide. Therefore, as long as strength and runability 
requirements can be met, more filler can be substituted at the same cost Calcium 
carbonate fillers increase opacity, brightness, and print quality (3). 
Sizing is defined as the ability of paper to reduce the rate of fluid penetration. All 
sizing agents must achieve four requirements to develop sizing. First, they must reduce 
fiber wetability, which is accomplished by introducing hydrophobic groups at the surface 
of the sheet. The size must also be retained on the fiber, distributed evenly over the fiber 
surface and be anchored to the cellulose to provide good water repellency (4). 
Acid paper is sized using the traditional rosin and alum system. This system is 
not efficient at neutral to alkaline pH, so an alternative sizing system must be used. The 
most popular alkaline sizing agent is alkyl ketene dimer (AKO). AKD is a synthetic. 
long-chain organic molecule that reacts directly with cellulose hydroxyl groups to form 
esters (5). A portion of the AKD remains unbound, but it also contnbutes to sizing (6). 
AKD also reacts with water to form a 13-keto acid which decomposes to a ketone. This 
side reaction is undesirable since the ketone does not contnbute to sizing (7). The 
reactions of AKD are shown in Figure_ t 
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Two major differences between AKD and rosin and alum sizing systems have 
been observed. The first difference is in the shape of the size response curves (see Figure 
2). In an acid system, rosin is precipitated on the fibers with alum. Sizing is developed 
in the dryer section when the rosin is melted and anchored to the fibers. This system is 
robust and has a fairly constant size response, even at low addition levels. 
In alkaline sizing systems, a covalent bond is formed to provide a strong link 
between size and fiber. AKD is emulsified with dispersants and stabilizers to allow 
preliminary distnbution to fibers in the stock. This imparts a net cationic charge to the 
size which permits a weak electrostatic bonding with cellulose fibers at the wet end. 
During drying, size is redistributed over the fiber surface and forms covalent ester bonds 
with the hydroxyl groups on cellulose molecules. Initial retention is critical since the 
initial electrostatic link is weak and the full covalent bond does not form until the drying 
cycle. Poor initial retention will result in hydrolysis of the AKD molecule (8). At low 
AKD addition levels, emulsion particles have a more difficult time in spreading to cover 
the entire fiber surface. This accounts for differences in the response curves of acid and 
alkaline sizing systems, and explains why alkaline sizing is more difficult to control. 
Another difference between the two sizing systems is permanence. Rosin and 
alum sizing maintains its effectiveness over time. However, AKD sizing has had many 
problems with "size reversion," a loss in sizing over time. The most extreme case of size 
reversion, where sizing is completely lost, is called fugitive sizing (16). Both types of 
sizing loss have been observed under many conditions. 
As mentioned earlier, unbound AKD contributes to the hydrophobicity of the 
sheet However, this material still possesses a potential for hydrolysis. If the unreacted 
size is hydrolyzed, it no longer contributes to sizing. Research done by Patton (9) 
determined that up to 85% of the retained A.KO is unbound Marton (7) determined that 
about 50% of retained AKD is unbound Both these figures represent the large potential 
for the size to be hydrolyzed, causing size reversion. 
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Size reversion has been observed under many conditions. Water hardness, 
alkalinity, promoters, retention aids and carbonate fillers have all been accused of 
causing size reversion (10). The focus of research has been on fillers and fiber fines (11). 
Carbonate fillers and fiber fines have been found to adsorb a disproportionate 
amount of size material due to high surface area. Filler chemistry does not provide an 
opportunity for bonding with AKO. Therefore, any AKD which is adsorbed by the 
carbonate is unbound 
The key to obtaining good initial sizing values and preventing size reversion is to 
maintain high first pass retention (12). Good first pass retention provides two main 
benefits to sizing: it prevents AKD hydrolysis in the white water and contributes sizing 
from the fines fraction of the stock. In addition, good first pass retention is critical to
maintaining the economic advantage of using calcium carbonate fillers (13). 
Retention aids are used to increase retention of fine materials such as calcium 
carbonate and fiber fines. Better retention of these particles increases sizing levels. With 
higher machine speeds being used today, there is a need to form floes which are resistant 
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higher machine speeds being used today, there is a need to form floes which are resistant 
to shear. Most of these retention aids have a high molecular weight and are 
polyacrylamide-based. An excellent review of retention aids was done by Hubbe (14). 
There are several other advantages to using retention aids. By increasing 
drainage, they increase wet-web strength which can re.duce the number of wet-web 
breaks. In addition, better wet-web strength allows papermakers to use a greater amount 
of recycled fiber in the product (15). 
Retention aid perf onnance is highly dependent on the zeta potential of the solids 
in the system ( 17). Zeta potential is a measure of the potential of a particle at its shear 
plane. Zeta potential is controlled on the papermachine to maximize retention of fibers, 
fillers, fines and dyes (17). Cellulose fibers are anionically charged due to carboxyl 
groups on the hemicelluloses and due to lignosulfonates. The addition of cationic 
material to the fibrous system will affect zeta potential by adsorbing on the surface of the 
particle. Therefore, by adding low molecular weight, highly cationic materials such as 
alum or polyethyleneimine (PEI), the zeta potential of the cellulose fibers increases from 
negative to positive. 
Problem Statement 
Under certain conditions, AKO size response is poor and is lost over time. 
However, the mechanism of poor size response and size reversion has not been 
established. This study attempted to determine the effect of retention aids on the initial 
size response and the permanence of AKD sizing. 
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Procedure 
Figure 3 is a summary of the experimental design. A blend of 75% hardwood and 
25% softwood was refined in a Valley beater to a Canadian standard freeness of 450 mL. 
Polyethyleneimine (PEI) was added to a portion of stock at 0.025, 0.05, 0.10, 0.15, 0.20 
and 0.25% w/w based on oven-dry fiber. Zeta potential was measured after each addition 
of PEI. The graphical relationship between zeta potential and PEI concentration was 
used to produce handsheets from furnishes at zeta potentials of-20, -10, 0, 10 and 20 
millivolts. 
For each retention aid, five handsheets weighing 2.50 ± 0.30 grams were prepared 
at each zeta potential. The handsheets were allowed to condition overnight and then 
were tested for Hercules sizing (T 530 pm-89) at 1, 3, 6 and 9 day intervals. AKD sizing 
(Hereon 70) addition level was held constant at 0.20%, and each retention aid was added 
at 0.25% w/w based on dry fiber. 
To determine the effect of PEI on siu response and permanence, PEI was added 
to stock at 0.0015, 0.0030, 0.0060 and 0.0120%. Five handsheets weighing 2.50 ± 0.30 
grams were prepared for each level of PEI addition and tested for Hercules sizing at 1, 3, 
6 and 9 day intervals. Hereon 70 was added at 0.20% based on dry fiber. 
Results and Disc11.SSion 
PEI was added to the fibers to modify their zeta potential. The fibers themselves 
bad a zeta potential of about -16 millivolts. As PEI was added to the stock, the zeta 
potential initially rose sharply. The graphical relationship between PEI addition and zeta 
potential is shown in Figure 4. At higher zeta potentials, larger amounts of PEI bad to be 
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added to achieve the same incremental change in zeta potential. The results correlated 
very well with results obtained by Miyanishi (19). 
Size Response 
Size response of the control nui did not behave as expected. Figure 5 shows that 
as zeta potential increases from -20 to +20 millivolts, sizing levels initially increased, 
then leveled off from -10 to + 10 millivolts and then increased markedly at +20 millivolts 
zeta potential. A bell-shaped curve was expected for the control since only a minimum 
of retention aid is present Size response is usually highest around zero zeta potential 
because the repulsive forces between particles is at a minimum. Size response appeared 
to be proportional to the amount of PEI in the stock. At 20 millivolts zeta potential, size 
response should have been poor. Since the size material is slightly cationic and since 
there was very little retention aid present, retention of the size should have been poor 
because of large repulsive forces. However, sizing levels were highest at 20 millivolts 
zeta potential. This is also where the concentration of PEI is at its highest level. The 
role of PEI will be further discussed in following sections. 
The addition of a polyacrylamide (PAM) based cationic polymer to the system 
caused a dramatic increase in sizing levels at all zeta potentials. However, it appears that 
zeta potential had very little effect on size response. Error bars on Figure 6 show that 
sizing levels were statistically equivalent for all zeta potentials. The excellent size 
response was the result of excellent retention of the emulsion particles and fines. As 
mentioned earlier, disproportionate amounts of size material are adsorbed by the fines. 
Cationic polymers such as the one used in this experiment "tie" the fines to the longer 
. .
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fiber by electrostatic attraction. In addition, they cause the fibers to flocculate which also 
aids in fine particle retention (15). This will increase the size retention which, in turn, 
will increase size response. 
Increasing zeta potential to high levels should 1:µlve caused sizing levels to 
decrease. As the system becomes increasingly cationic, repulsion between cationic 
retention aid and cationic size emulsion particles should have decreased sizing levels. 
However, Figure 6 shows that sizing values were at least 1800 seconds for each zeta 
potential. The shape of the size response curve may have differed from expected results 
because of the nature of the cationic polymer. Zeta potential was used to influence the 
performance of the polymers. However, zeta potential is much less useful in predicting 
retention by bridge formation. The bridges extend beyond the electrical double layer 
used to measure zeta potential ( 18). This may be a cause of the unexpected size 
response. 
Size response of anionic retention aids was highly dependent on the presence of 
PEI. Figure 7 shows the relationship between zeta potential and size response with the 
use of an anionic retention aid At a zeta potential of -20 millivolts, there was almost no 
size response. This is because there was no PEI present in the system. Anionic polymers 
form bridges between fibers in the presence of highly cationic materials such as PEI and 
alum. When PEI and alum are not present, there are no cationic sites on the fibers to 
bond with the anionic polymer. However, when these materials are present, anionic· 
polymers are able to bond with the fiber. The resulting bridge is strong and very resistant 
to shear (12). Retention of fines, fillers and fibers is greatly improved Since a large 
8 
fraction of the AKO size is adsorbed on these materials, their retention greatly improves 
sizing. At zeta potentials above -20 millivolts, where PEI was present, sizing levels were 
very high ( about 2000 seconds). The shape of the size response was consistent with 
expected results. Without a low molecular weight, high charge density material such as 
alum or PEI, size response was poor. However, when these materials were present even 
in small amounts, size response was much higher. 
Size response of the control run appeared to be highly dependent on the presence 
of PEI. Additional sheets were prepared to investigate its effect on size response. The 
results are shown in Figure 8. The size response of AKO was found to be highly 
dependent on PEI addition. When no PEI was added to the stock, sizing values were only 
about 30 seconds. Small addition levels of PEI (less than .02%) caused sizing levels to 
increase to over 1000 seconds. There appeared to be a minimum critical concentration of 
PEI necessary to achieve high sizing levels. After this amount is present, a dramatic 
increase in sizing is observed. Increasing PEI concentration beyond the minimum critical 
concentration does not appear to provide much additional benefit 
PEI is known for excellent fines retention ( 15) and small addition levels appeared 
to dramatically increase sizing levels. The large increase in sizing levels with the use of 
PEI was probably due to an increase in fines retention. 
Size Permanence 
Sizing levels were maintained over time for the control run. The effect of adding 
no retention aid to the system on size permanence is shown in Figure 9. After the final 
testing interval, the sizing values were statistically equivalent to the initial sizing values. 
However, it appears as though there was additional curing taking place over the 9-day 
testing interval. No size reversion was observed for the control run. 1bis is expected 
since none of the materials suspected of causing size reversion were present in the 
system. 
No size reversion was noticed with the use of the cationic polymer. Figure 10 
shows that size levels remained almost constant over time at each zeta potential. It 
appears as though sizing levels in the sheets made at zeta potentials of +20 and -20 
millivolts fluctuated over time. However, the sizing levels of all the sheets are 
statistically the same at each testing interval. However, any increase in sizing over time 
would likely be due to additional curing of the unbound AKD. Rende and Dumas (10) 
found that "coagulants" do not contribute to size reversion. However, they also mention 
high initial sizing levels tend to prevent size reversion. Therefore, although no size 
reversion was observed with the use of cationic polymer, sizing loss may have been 
prevented by high initial sizing values. 
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Research done by Patton (9) has shown that anionic PAM contributes to size 
reversion. She believes that the anionic polymer agglomerates AK.D size particles and 
when they are deposited on the fibers, they rearrange over time and eventually hydrolyze. 
The hydrolysis reaction causes a large loss in sizing. However, in this study, no size 
reversion was observed with the use of anionic polymer (see Figure 11). Testing results 
from the ninth day showed a 20% decrease in sizing levels for sheets produced at -10 and 
0 millivolts zeta potential. However, when the coefficient of variation is taken into 
consideration, there is very little difference between these sheets and the sheets produced 
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at-20, + 10 and +20 millivolts. In addition, the sheets produced at-10 and 0 millivolts 
zeta potential were tested a month later and showed no additional loss in sizing. Any loss 
in sizing was probably due to the inaccuracy of the Hercules size test instrument. Once 
again, size reversion may have been suppressed by high initial size levels. But anionic 
polymers did not appear to contribute to size reversioa 
Over time the sizing levels of the PEI sheets remain constant (Figure 12). It can 
be concluded that not only does PEI greatly improve size response, it also does not cause 
size reversion. However, the effects of PEI on size response and reversion should be 
studied in greater detail to better determine its usefulness in sizing. In this experiment, it 
appeared to be highly beneficial. 
Test results from the various testing intervals showed large fluctuations in sizing 
levels. However, the results remained constant from a statistical standpoint They show 
that from day to day the reliability of the Hercules size test machines can be suspect 
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Conclusions 
1. Preliminary study done to determine the effect of PEI addition on pulp zeta potential
was in good agreement with published values. In this experiment, the electromobility
meter was an accurate predictor of zeta potential.
2. Size response of control run did not correlate with zeta potential. However, it
appeared to be directly related to PEI concentration. No size reversion was observed
within the 9 day testing period.
3. Size response of the cationic polymer was high at all zeta potentials. The polymer
effectively retained the size emulsion which resulted in high sizing levels. Cationic
polymers did not appear to contribute to size reversion.
4. The size response of anionic polymers is highly dependent on the presence of cationic
materials such as PEI and alum. Anionic polymers must have cationic sites to form
bridges between itself and the fibers. Contrary to previous studies, no size reversion
was observed with the use of anionic polymers. However, very high initial sizing
levels may have suppressed the possibility of observing size reversion.
5. A study was done to determine the effect of PEI concentration on size response and
permanence. It was determined that very small additions of PEI drastically increased
size response because of excellent fines retention. No sizing loss was observed over a
9 day testing period The addition of PEI to stock may be beneficial in promoting
SlZl.Dg.
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Table 1: Summary Table of Data For Determining the Effect of [PEI] on Zeta Potential 
PE % 
0 
0.025 
0.05 
0.1 
0.15 
0.2 
0.25 
Zeta Potential m 
-15.9 :t 3.0
-10.6 :t 1.2
-5.0 :t0.4
4.0 :t 2.1
8.6 :t 1.8
13.1 ±1.3
15.1 ± 1.2
Table 2: Summary Table of Data For Determining the Effect of Control on Size Response 
Zeta Potential HST {seconds} 
(mV) Day1 Day3 Day6 Day9 
-20 30 ± 26 57 ±51 9 ± 5 71 :t 93 
-10 924:t 99 1236 ±369 1137 ±203 1149 :t 259 
0 696 ±226 806± 144 905 ±220 936 ± 137 
10 519 ± 259 597 ± 199 597 ±240 603 ±226 
20 1472 ±69 1769±497 1757 ± 282 1624:t 334 
Table 3: Summary Table of Data For Determining the Effect of Cationic Polymer on Size Response 
Zeta Potential HST {seconds} 
(mV) Dav1 Dav3 Day6 Day9 
-20 1821 ± 158 1950 :t 93 1958 :t 93 1870 ± 119 
-10 1903 ± 180 1980 ±46 1998 ± 5 2000±200 
0 2000 ±200 1989±244 2000 ±200 2000 ±200 
10 2000 ±200 2000 ±200 2000 ±200 2000 ±200 
20 1801 :t 308 1860 ±285 1861 :t 310 1955 :t 100 
Table 4: Summary Table of Data For Determining the Effect of Anionic Polymer on Size Response 
Zeta Potential HST !seconds} 
(mV) Day1 Day3 Day6 Day9 
-20 5 ± 7 4 ±4 4±6 3 :t 4 
-10 1867 :t 192 1904 :t 159 1871 :t 288 1593 :t 440 
0 1954 :t 57 2000 ±200 1921 ± 113 1659 ±47 
10 2000 ±200 2000 ±200 2000 ±200 2000 ±200 
20 2000 ±200 2000 ±200 2000 ±200 2000 ±200 
Table 5: Summary Table of Data to Determine the Effect of [PEI] on Size Response 
[PEI] HST ! seconds l 
(%) Day 1 Oay3 Oay6 . Oay9 
0.0000 30±26 57 :t 51 69±5 71 ±93 
0.0015 1134±265 1040 ± 483 1064 ±256 961 ± 133 
0.0030 1369±257 1122 ± 108 1369±223 1020 ± 142 
0.0060 1210 :t 155 1259 ±447 1390 :t 280 994±220 
0.0120 1533 ±288 1225 ± 188 1575 ± 90 1215 ± 121 
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